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Background: The human genome contains several active families of transposable elements (TE): Alu, L1 and SVA.
Germline transposition of these elements can lead to polymorphic TE (polyTE) loci that differ between individuals
with respect to the presence/absence of TE insertions. Limited sets of such polyTE loci have proven to be useful as
markers of ancestry in human population genetic studies, but until this time it has not been possible to analyze the
full genomic complement of TE polymorphisms in this way.
Results: For the first time here, we have performed a human population genetic analysis based on a genome-wide
polyTE data set consisting of 16,192 loci genotyped in 2,504 individuals across 26 human populations. PolyTEs are
found at very low frequencies, > 93 % of loci show < 5 % allele frequency, consistent with the deleteriousness of
TE insertions. Nevertheless, polyTEs do show substantial geographic differentiation, with numerous group-specific
polymorphic insertions. African populations have the highest numbers of polyTEs and show the highest levels of
polyTE genetic diversity; Alu is the most numerous and the most diverse polyTE family. PolyTE genotypes were used to
compute allele sharing distances between individuals and to relate them within and between human populations.
Populations and continental groups show high coherence based on individuals’ polyTE genotypes, and human
evolutionary relationships revealed by these genotypes are consistent with those seen for SNP-based genetic
distances. The patterns of genetic diversity encoded by TE polymorphisms recapitulate broad patterns of human
evolution and migration over the last 60–100,000 years. The utility of polyTEs as ancestry informative markers is
further underscored by their ability to accurately predict both ancestry and admixture at the continental level. A
genome-wide list of polyTE loci, along with their population group-specific allele frequencies and FST values, is
provided as a resource for investigators who wish to develop panels of TE-based ancestry markers.
Conclusions: The genetic diversity represented by TE polymorphisms reflects known patterns of human
evolution, and ensembles of polyTE loci are suitable for both ancestry and admixture analyses. The patterns of
polyTE allelic diversity suggest the possibility that there may be a connection between TE-based genetic
divergence and population-specific phenotypic differences.
Keywords: Transposable elements, Polymorphism, Population genetics, Human ancestry, Admixture, Ancestry
informative markers, Phylogenetics, Alu, L1, SVABackground
Much of the human genome sequence, anywhere from ~50
to 70 % depending on estimates [1, 2], is derived from
transposable elements (TE). The vast majority of TE-
derived sequences in the genome are remnants of ancient
insertion events, which are no longer capable of* Correspondence: king.jordan@biology.gatech.edu
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actively transposing human TEs [3]; the active families of
human TEs include Alu [4, 5], L1 [6, 7] and SVA [8, 9]
elements. Alu elements are 7SL RNA-derived short inter-
spersed nuclear elements (SINEs) [10, 11], L1s are a family
of long interspersed nuclear elements (LINEs) [12, 13],
and SVA elements are composite TEs that are made up of
human endogenous retrovirus sequence, simple sequence
repeats and Alu sequence [14, 15]. All three of these active
families of human TEs are retrotransposons that transpose
via reverse transcription of an RNA intermediate. L1s areticle is distributed under the terms of the Creative Commons Attribution 4.0
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machinery necessary to catalyze their own retrotransposi-
tion [16], whereas Alu and SVA elements are transposed
in trans by the L1 machinery [17, 18].
If members of these active TE families transpose in the
germline, they can create novel insertions that are cap-
able of being inherited, thereby generating human-
specific polymorphisms. Such polymorphic TE (polyTE)
insertion sites have been shown to be valuable genetic
markers for studies of human ancestry and evolution.
PolyTEs provide a number of advantages for such popu-
lation genetic studies [3, 19]. First, the presence of a
polyTE insertion site shared by two or more individuals
nearly always represents identity by descent [19, 20].
This is because there are so many possible insertion sites
genome-wide, and transposition rates are so low, that
the probability of independent insertion at the same site
in two individuals is negligible. Second, since newly
inserted TEs rarely undergo deletion they are highly
stable polymorphisms. These two characteristics under-
score the fact that polyTE markers are completely free
of homoplasies, i.e. identical states that do not represent
shared ancestry, which are far more common for single
nucleotide polymorphisms (SNPs). Another useful fea-
ture of polyTEs for population genetic studies is the fact
that the ancestral state of polyTE loci is known to be
absence of the insertion [21, 22]. Finally, polyTEs are
practically useful markers since they can be rapidly and
accurately typed via PCR-based assays.
A number of previous studies have leveraged TE poly-
morphisms for the analysis of human ancestry and
evolution [3, 18, 19, 21–27]. Most of these studies have
focused on Alu elements; there have been far fewer
human population genetic studies using L1 markers and
to our knowledge no such studies using polymorphic
SVA elements. Alus are particularly advantageous for
these types of studies because their small size allows
them to be readily PCR amplified; furthermore, both the
presence and absence of Alu insertions can yield amplifi-
cation products from a single PCR. Ancestry studies that
use TE polymorphisms have relied on a number of selec-
tion criteria in order to try and define the most useful
polyTE loci for human population differentiation. For
instance, polyTE loci have often been identified via lit-
erature surveys of specific gene mutations caused by TE
insertions. Analysis of the human genome sequence has
also been used to identify intact members of the youn-
gest (i.e. recently active) subfamilies of Alus and L1s in
order to try and predict potentially mobile sequences.
Once potential polyTE marker loci are chosen using
these methods, they need to be empirically evaluated
with respect to their levels of polymorphism within and
between populations. These approaches, while somewhat
ad hoc and laborious, have in fact proven to be usefulfor the identification of polyTE loci that serve as ances-
try informative markers (AIMs).
The most recent data release from the 1000 Genome
Project (Phase3 November 2014) includes, for the first
time, a comprehensive genome-wide data set of polyTE
sites. There are a total of 16,192 such polyTE loci reported
for 2,504 individuals across 26 human populations. These
newly available data provide an unprecedented level of
depth and resolution for polyTE-based studies of human
ancestry and evolution. With these data, it is now possible
to evaluate the relationship between TE polymorphism
and human evolution in a systematic and unbiased way.
In addition, individual polyTE loci genome-wide can be
evaluated with respect to their utility as AIMs as well as
their applicability to ancestry studies for specific popula-
tion groups. Such an analysis could provide a useful
resource for investigators interested in conducting their
own targeted studies on specific populations. With such a
comprehensive, genome-wide polyTE data set, it is also
possible to evaluate the marker utility of previously under-
utilized L1 and SVA sequences. For this study, we have
conducted a genome-wide population genetic analysis of
human TE polymorphisms in order to address precisely
these kinds of issues. This work represents the most com-
prehensive study of human polyTEs to date.
Results
Human population genomics of polyTEs
There are three families of polymorphic transposable
elements (polyTEs) that show variation in presence/ab-
sence patterns at individual insertion sites across hu-
man genome sequences; these are Alu (SINE), L1
(LINE) and chimeric SVA elements. The Phase3 data
release (November 2014) of the 1000 Genomes Project
provides the most complete catalog of human transpos-
able element insertion site polymorphisms available to
date. Presence/absence genotypes for these human
polyTEs are available for 2,504 individuals from 26 hu-
man populations across 16,192 genomic sites.
We characterized the frequencies and distributions of
human polyTEs for the 26 populations organized into 5
continental groups: African, Asian, European, Indian and
American (Table 1). The vast majority of human polyTEs
are found at low frequencies within and between human
populations; 15,141 (93.5 %) of polyTE loci show < 5 %
overall allele frequencies (Fig. 1a). Nevertheless, there is
substantial variability of individual polyTE allele fre-
quencies among populations from different continental
groups (Fig. 1b). Accordingly, there are higher numbers
of polyTEs with continental group-specific allele fre-
quencies > 5 % (Fig. 1c), and numerous individual
polyTE loci are exclusively present within a single con-
tinental group (Fig. 1d). On average, ~25 % of individ-
ual polyTE loci are exclusive to a specific continental
Table 1 Human populations analyzed in this study
Populations are organized into five continental groups, and the number of individuals in each population is shown. The same population-specific color codes are
used throughout the manuscript
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that polyTE genotypes may serve as useful markers of gen-
omic ancestry. Results of the same analyses are shown for
individual polyTEs families in Additional file 1: Figure S1.
Alu is by far the most abundant family of polyTEs followed
by L1 and SVA. All three polyTE families show similar
levels of continental group-specific insertions.
PolyTE genotypes were analyzed in order to evaluate
the polyTE genetic diversity levels for different continen-
tal groups and for different TE families. To do this, pres-
ence/absence patterns at all polyTE loci were used to
genotype individual human genomes and pairwise allele
sharing distances between individuals were computed
based on these polyTE genotypes (see Methods). African
populations have the highest levels of polyTE genetic
diversity and Asian populations show the lowest diversity
(Fig. 2a). These data are similar to what has been shown
in previous studies of polyTEs [27] and for SNP-based
genetic diversity [28]. All of the differences in median
genetic diversity levels between pairs of population groups
are highly statistically significant (0 ≤ P ≤ 8.5 x 10−56
Wilcoxon ranked sum test). African populations also have
the highest levels of variation in polyTE genetic diversity
for any of the non-admixed groups, consistent with hu-
man origins in Africa and the bottleneck experienced by
other population groups during their migrations out of
Africa [29, 30]. The overall effect of recent admixture inthe Americas is revealed by the broad distribution of
polyTE genetic diversity among the American popula-
tions, and African admixture among these same popula-
tions probably accounts for the fact that this group has
the second highest level of median diversity seen for all
continental groups (Fig. 2a). For polyTE families, Alu has
the highest diversity followed by SVA and L1 (Fig. 2b).
The relative levels of continental group polyTE genetic di-
versity are the same for all three families of polyTEs
(Fig. 2c–d).
Human evolutionary relationships based on polyTEs
The distributions of polyTE genotypes among individuals
were analyzed in an effort to reconstruct the evolutionary
relationships among human individuals and populations.
To do this, PolyTE genotype allele sharing distances were
used to generate multi-dimensional scaling (MDS) plots
showing the genetic relationships among all individuals
(Fig. 3a) and the average genetic relationships between in-
dividual populations (Fig. 3b). Phylogenetic reconstruction
was also used to show the average polyTE genotype-based
relationships between populations (Fig. 3c). The evolu-
tionary relationships revealed by this analysis are entirely
consistent with previous analyses based on individual
nucleotide level variation assessed via SNP-based geno-
types [31], and very similar to what has previously been
seen based on Alu polymorphisms [23]. African, Asian
Fig. 1 Distribution of polymorphic transposable element (polyTE) loci among human populations. Populations are organized into five continental
groups (see Table 1): African (blue), Asian (red), European (gold), Indian (brown) and American (green). a. Unfolded polyTE allele frequency spectrum
for the three ancestral (non-admixed) continental groups: African, Asian and European. b. Boxplot polyTE allele frequency distributions for TE insertions
present at >5 % frequency within individual populations. c. Numbers of polyTE loci at >5 % frequency that are shared or exclusive among continental
groups. d. Numbers of polyTE loci at >5 % frequency among the different populations
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poles of human genomic variation with the more an-
cient admixed Indian group and more recent admixed
American group in between. In the phylogenetic ana-
lysis, the African populations are the most basal with
the European and Asian populations being derived.
One of the advantages of using TE polymorphisms for
ancestry inference is that the ancestral state for any
polyTE loci can be confidently taken to be the absence
of an insertion [21, 22]. This property allows for the
creation of a hypothetical ancestral genome character-
ized by the absence of insertions across all polyTE loci.
When such a hypothetical ancestor is included in the
polyTE-based reconstruction of human evolutionary re-
lationships, it maps near the center of the MDS plots
closer to the African populations (Fig. 3a and b), and it
maps closest to the root of the phylogeny between theAfrican and non-African lineages (Fig. 3c). These results
confirm that polyTE insertions are derived allelic states.
For the most part, there is high coherence of polyTE
genotypes within both individual populations and for
continental groups. The only exception seen is for the
admixed American continental group, which has two
distinct subgroups, a Latino subgroup (PEL, MXL, CLM
and PUR) with primarily European and Asian admixture
and an African-American subgroup (ACB and ASW)
with primarily African and European admixture (Fig. 3d).
The relative admixture levels seen for these populations
are consistent with previous nucleotide level SNP-based
analysis [32, 33]. The apparent Asian admixture of the
Latino subgroup reflects Native American ancestry owing
to the fact that Native Americans are relatively recently
derived from East Asian populations [34]. As there are no
Native American samples in the 1000 Genomes Project
Fig. 2 PolyTE genetic diversity levels. a. Distributions of overall polyTE genotype-based allele sharing distances are shown for the five continental
groups (see Table 1): African (blue), Asian (red), European (gold), Indian (brown) and American (green). b. Distributions of polyTE genotype-based
allele sharing distances are shown separately for Alu, L1 and SVA. c-e. TE family-specific distributions of polyTE genotype-based allele sharing
distances are shown for separately Alu, L1 and SVA
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most closely related to the Latino subgroup. CLM and
PUR show relatively higher levels of European, and to a
lesser extent African, admixture than seen for PEL and
MXL (Fig. 3d). We also attempted to infer Native Ameri-
can ancestry in admixed American populations by imput-
ing polyTE genotypes for Native American populations
from the Human Genome Diversity Project based on the
1000 Genome Project imputation panels. The ancestry
contribution fractions for admixed American individuals
are highly correlated between the observed Asian polyTE
genotypes and the imputed Native American polyTE
genotypes (Additional file 1: Figure S2).
Results of the same analyses are shown for individual
polyTEs families in Additional file 1: Figures S3–S5.
While the results are highly concordant for all three
polyTE families, Alu ployTEs show the highest levels ofresolution for human evolutionary relationships owing
to the far higher number of polymorphic Alu insertions
available for analysis. Nevertheless, L1 and SVA ele-
ments also show the ability to differentiate human popu-
lations and continental groups suggesting that these
previously under-utilized polyTEs may also serve as
useful ancestry markers.
Ancestry prediction with polyTEs
Having established the overall ability of polyTE-based
genotype analysis to capture known evolutionary relation-
ships among human populations, we evaluated the ability
of individual of polyTE loci to serve as useful markers for
ancestry inference. To do this, levels of population differ-
entiation for individual polyTE loci were assessed using
the fixation index FST and the absolute allele frequency
differences δ (see Methods). PolyTE loci-based FST and δ
Fig. 3 (See legend on next page.)
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Fig. 3 Evolutionary relationships among human populations based on polyTE genotypes. Populations are color coded as shown in the figure legend.
a. Multi-dimensional scaling (MDS) plot showing polyTE genotype-based distances among 2,504 individuals from 26 human populations. b. The same
polyTE genotype MDS plot showing population average distances. c. Phylogenetic tree based on average polyTE allele sharing distances between
human populations. d. polyTE genotype-based continental ancestry contribution fractions for individuals from non-admixed ancestral (European,
Asian and African) and admixed (American) human populations. An expanded view of the ancestry fractions is shown for the admixed American
populations
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between non-admixed continental groups (African, Asian
and European) and for five-way comparisons between in-
dividual populations within the same non-admixed con-
tinental group (Additional file 1: Figures S6 and S7). As
can be expected, individual polyTE loci show substantially
higher levels of population differentiation (i.e. higher FST
and δ values) for the between compared to the within con-
tinental group comparisons. This is consistent with the
overall ability of polyTE genotypes to better distinguish
between continental groups (Fig. 3) than within con-
tinental groups (Additional file 1: Figure S8). The
same pattern has been observed for SNP-based AIMs
[36]. Nevertheless, polyTE loci are able to provide
some level of resolution for even closely related popu-
lations within continental groups. A comprehensive
list of human polyTE loci along with their allele fre-
quencies and FST and δ values, within and between
populations, are provided in Additional file 2: Table S1 so
that investigators can choose loci of interest as potential
ancestry markers.
Interestingly, the overall levels of polyTE-based FST are
fairly low even for the between continental group com-
parison (Additional file 1: Figure S6). FST levels ≥ 0.4
have previously been taken to indicate that a nucleotide
SNP can serve as a useful ancestry informative marker
(AIM) [36, 37]. There are no individual polyTE loci that
conform to this AIM criteria; 0.39 is the highest polyTE
FST value. This can be attributed to the overall low fre-
quency of polymorphic TE insertions seen here (Fig. 1a)
since low levels of within-group polyTE allele frequency
will depress FST levels owing to high levels of within
group heterozygosity. The values of δ appear to be
somewhat more sensitive for the characterization of in-
dividual polyTE AIMs. Several different δ value thresh-
olds have been proposed for AIM characterization over
the years [36]: 0.3, 0.4 and 0.5. There are 371 (0.3), 79
(0.4) and 9 (0.5) polyTE loci with continental δ values
that exceed these thresholds. Thus, individual polyTE
loci appear to have moderate ability to differentiate
human populations, whereas ensembles of polyTE loci
can be used effectively to distinguish more closely and
distantly related populations.
In light of the ability of individual polyTEs genotypes
and overall polyTE genotype patterns to differentiatehuman populations, we attempted to identify the smal-
lest set of polyTE loci needed to accurately predict
human ancestry. The accuracy of ancestry prediction
was assessed for both non-admixed continental groups
(African, Asian and European) and for individual popu-
lations within the African continental group. To do this
for each comparison, the top 500 ancestry informative
polyTE loci were ranked according to their FST levels
and prediction accuracy was computed for sets of
polyTE loci of sequentially decreasing size, going from
500 to 10 in steps of 10 (Fig. 4). Two measures of ances-
try prediction, accuracy and error, were measured for
each set of polyTE loci using the approach described in
the Materials and Methods. When all polyTE loci are
used, continental group ancestry prediction approaches
100 % accuracy with < 1 % error. As the number of
polyTE loci used for ancestry prediction is steadily de-
creased from 500, the accuracy declines and the error in-
creases. However, the changes in accuracy and error are
relatively slight. For the top 100 polyTE loci, ancestry
prediction is 86.9 % accurate with 0.3 % error. The smal-
lest set of 10 polyTE loci yields 65.8 % accuracy and
2.7 % error. These results are similar to a previous re-
port [27] that evaluated the minimum number of poly-
morphic Alu loci (~50) that would yield accurate genetic
distances between human populations.
A similar approach was taken to evaluate the utility of
polyTE genotypes for ancestry prediction within contin-
ental groups. Consistent with what is observed for the
within continental group FST values (Additional file 1:
Figure S6), polyTE genotypes have less power to dis-
criminate ancestry for closely related populations from
the same continental group (Fig. 4b). For the African
populations, individual genotypes based on the entire
set of polyTE loci yield an ancestry prediction accuracy
of 48.3 % and an error of 6.7 %. Since there are five Afri-
can populations, a random predictor would yield 20 %
accuracy. Thus, the accuracy achieved by polyTE loci,
while relatively low, is 2.4x greater than expected by
chance alone. Accuracy does not change greatly with
decreasing numbers of polyTE loci. 100 polyTE loci
yields accuracy of 38.5 %, and the accuracy for 10
polyTE loci is 36.3 %. The error rate of prediction does
steadily increase to 8.4 % for 100 polyTE loci and 21.3 %
for 10 polyTE loci.
A B
Fig. 4 Ancestry predictions using polyTE genotypes. Relationship between the number of polyTE loci used to genotype individuals and the
ancestry prediction accuracy for (a) continental population group comparisons (between African, Asian and European) and (b) sub-continental
population comparisons (European)
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Having established the utility of small sets of polyTE loci to
make ancestry inferences for non-admixed groups, we
wished to similarly evaluate the ability of polyTE loci sets
to allow for inferences about continental ancestry contribu-
tions to admixed populations. To do this, ancestral contri-
butions from African and European populations to the
admixed ASW American population were evaluated using
sets of polyTE loci of decreasing size in a similar way as
was done for ancestry prediction in non-admixed popula-
tions. In the case of admixture, prediction error levels were
measured by comparing the ancestral admixture compo-
nents computed from the entire set of 16,192 polyTE loci
to those computed from the smaller polyTE loci sets (see
Methods). As with ancestry prediction, error levels steadily
increase with the use of decreasing numbers of polyTE loci
(Fig. 5a). However, slightly larger numbers of polyTE loci
are required to keep admixture inference error levels low;
the use of 10 polyTE loci yields 3.4 % error, whereas a set
of 50 polyTE loci reduces the error to 2.2 %. There is strong
agreement in the results of continental ancestry contribu-
tions for this admixed population between analyses con-
ducted with all polyTEs versus the top 50 polyTEs (r = 0.62;
Fig. 5b).
Discussion
Human ancestry and admixture from polyTEs
Our analysis of a genome-wide set of human polyTE
genotypes indicates that TE polymorphism patterns
recapitulate the pattern of human evolution and mi-
gration over the last 60–100,000 years (Fig. 3 and
Additional file 1: Figures S3–S5). While polyTEs con-
sidered as an ensemble provide substantial resolution
for inferring ancestry and human relationships,individual polyTE loci show moderate population dif-
ferentiation levels (Additional file 1: Figure S6 and
S7). This can be attributed to the fact that individual
polyTE loci tend to be found at low allele frequencies
(Fig. 1a). However, these same low frequency loci do
show high levels of geographic differentiation, i.e.
many of them are continental group or population
specific (Fig. 1b). Therefore, when a relatively small
set of these low frequency but highly geographically
differentiated polyTE loci are used together, they do
in fact provide substantial resolution for evolutionary
analysis as well as ancestry and admixture inference
(Figs. 4 and 5).
These results have important implications for the
study of human evolution, ancestry and admixture by
smaller labs that may not have access to the same level
of resources as larger consortia or genome centers since
analysis of a small set of polyTE loci (10–50 depending
on the application) can prove to be quite informative.
Given the size range of TEs insertions, in particular for
Alus which are the most numerous family of polyTEs,
element presence/absence patterns can be accurately
characterized in a cost-effective way using (multiplex)
PCR-based techniques. Protocols for PCR-based analysis
of polyTEs are well established in a number of labs. The
results of this study can be used to help investigators
choose the specific TE loci of interest for their own
evolutionary studies (see Additional file 2: Table S1 for a
list of genomic locations of polyTEs and their allele
frequencies and FST values).
Despite the overall utility of polyTEs as ancestry
markers, results from this study suggest that they are
not likely to be good markers for mapping by admixture
linkage disequilibrium (MALD or admixture mapping)
Fig. 5 Admixture predictions using polyTE genotypes. a. Relationship between the number of polyTE loci used to genotype individuals and
admixture prediction accuracy for the ASW population. b. Comparison of individual admixture proportions calculated using all available polyTE
genotypes versus a minimal polyTE genotype set with 50 loci
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specific assignments of ancestry across the genome in
admixed individuals. In order to achieve this level of
resolution, thousands of markers are needed and individ-
ual markers should have high levels of population differ-
entiation (as measured by FST or other related metrics)
[36]. Thus, SNPs would seem to remain the best choice
of AIMs for MALD (admixture mapping) studies.
Deleteriousness and selection on polyTE insertions
Our initial analysis of human polyTEs within and be-
tween populations revealed that TE insertion polymor-
phisms are found at very low frequencies (Fig. 1a). This
is consistent with the overall deleteriousness of TE inser-
tions and accordingly their removal by purifying selec-
tion. The elimination of polyTEs by purifying selection
is also underscored by the fact that polyTEs are vastly
under-represented in genic and exonic regions (Add-
itional file 1: Figure S9). Nevertheless, some polyTEs do
rise to high allele frequencies and many also show high
levels of geographic differentiation consistent with what
has been seen for SNPs [28]. This differentiation is
precisely what makes them good markers for ancestry
inference, particularly when considered as an ensemble,
but it also suggests the possibility that polyTE insertions
may influence population specific phenotypes shaped
by selection. Additional analysis on the effects of selec-
tion on TE polymorphisms, as well as the relationship
between polymorphic TEs and potentially adaptive phe-
notypes, will be needed to test this assertion.
Conclusions
Polymorphic TE loci have long been used as markers in
human population genetic studies, and they are knownto provide a number of advantages for such studies. The
selection of which polyTE loci to use for population gen-
etic studies has been largely ad hoc, based on a combin-
ation of literature and database surveys together with
empirical evaluation on the suitability of individual loci
as markers that can discriminate between populations.
With the recent release of a genome-wide set of 16,192
TE polymorphisms by the 1000 Genomes Project [28,
35], genotyped across 2,504 individuals from 26 global
populations, it is now possible to systematically evaluate
the utility of polyTE loci for human population genetic
and ancestry studies. We have leveraged these newly
released data to conduct the first genome-scale analysis
of polyTE genotypes for the study of human genetic
ancestry. We show that the genetic diversity represented
by TE polymorphisms reflects known patterns of human
evolution, and define sub-sets of polyTE loci that can be
used as ancestry informative markers. We provide ranked
lists of the polyTE loci that can be used by researchers in
the community for future ancestry and admixture
analyses.Methods
Transposable element polymorphisms
Human polymorphic transposable element (polyTE)
genotypes were taken from the Phase3 data release
(November 2014) of the 1000 Genomes Project [28, 35]
(ftp://ftp-trace.ncbi.nih.gov/1000genomes/ftp/release/
20130502/). These genotypes consist of phased presence/
absence patterns of polyTE insertions at specific human
genome sites for individual genomes, and they are charac-
terized from human genome reference sequence mapped
next-generation sequence data via 1) discordant read map-
ping for short paired-end reads and/or 2) split read
Rishishwar et al. Mobile DNA  (2015) 6:21 Page 10 of 12mapping for longer reads as previously described [40].
PolyTE allele frequencies are calculated as the number of
present TE insertions (TEi) normalized by the total num-
ber of sites in the population (2n): TEi/2n. The extent to
which individual polyTE loci differentiate populations
was computed using the fixation index FST with the
Weir Cockerham method [41] implemented in VCFtools
[42] and the δ parameter [36], which is defined as the ab-
solute value of the difference in the allele frequencies be-
tween populations for TE polymorphisms.
Ancestry analysis
PolyTE-based allele sharing distances were computed for
all pairs of human genomes by counting the total number
of polyTE presence/absence alleles that differ between two
individuals across all genomic insertion sites. Allele shar-
ing distances computed in this way were projected in two-
dimensional space using multi-dimensional scaling (MDS)
implemented in R. This was done for pairwise distances
computed between individual genomes and for average
allele sharing distances among populations. Population
average allele sharing distances were used to reconstruct a
neighbor-joining [43] phylogenetic tree using the program
MEGA6 [44].
Admixture analysis
The program ADMIXTURE was used to infer the propor-
tion of ancestry contributions from ancestral populations to
modern admixed populations from the Americas (ACB,
ASW, CLM, MXL, PEL, PUR) based on polyTE genotypes.
The program was first run in supervised mode with three
ancestral clusters: African, Asian and European. Asian
ancestry is taken here as a rough surrogate for Native
American admixture in American populations given the
relatively close evolutionary relationship between East
Asian and Native American populations and the lack of
Native American samples in the 1000 Genomes Project.
PolyTE genotypes were then imputed for Native American
genomes from the Human Genome Diversity Project
[31, 45], using the impute panel from the 1000 Genomes
Project with the program IMPUTE2 [46], and ADMIX-
TURE was run in supervised mode with the three ancestral
clusters: "African, European and Native American. The an-
cestry contribution fractions for modern admixed popula-
tions from the Americas computed based on observed
Asian polyTE genotypes and imputed Native American ge-
notypes were correlated to check for consistency.
Ancestry and admixture prediction analyses
The program ADMIXTURE was used together with a
cross-validation approach in order to predict the ancestry
of individuals based on their polyTE genotypes. The cross-
validation method relied on an 80 %/20 % split of the data,
whereby 80 % of individual polyTE genotypes were used tobuild a three-cluster ancestry model with ADMIXTURE.
The remaining 20 % of individual polyTE genotypes were
then tested against this model to predict their ancestry
membership in one of the three groups. Group-specific
ancestry was only assigned if the probability of group mem-
bership was calculated as ≥ 90 %. Accuracy is then defined
as the number of correct ancestry predictions normalized
by the total number of predictions made. Error is defined
as the root-mean-square difference (RMSD) between the
predicted and actual ancestry inference made with the
complete data. RMSD values are reported as the average
prediction error for all individuals. This process was done
repeatedly across individual polyTE genotypes based on de-
creasing numbers of polyTE sites, from 500 to 10 in steps
of 10. For each polyTE set, this 80/20 prediction process
was repeated 100 times.
An analogous prediction approach was used to infer
the continental ancestry contributions to an admixed
American population (ASW) using ADMIXTURE. In
this case, the training was done using individual
polyTE genotypes from ancestral populations (African
and European) and the testing was done using polyTE
genotypes from admixed ASW individuals. This was
done first using all 16,192 polyTE loci and then for
individual polyTE genotypes based on decreasing
numbers of polyTE sites, from 500 to 10 in steps of
10. The predicted ancestry contributions to admixed
individuals were compared for results based on all
polyTE loci and results based on reduced sets of
polyTE loci using the root-mean-square difference
(RMSD) for the African and European fractional an-
cestry contributions.
Additional files
Additional file 1: Contains Figures S1–S9 and figure legends.
(PDF 5864 kb)
Additional file 2: Table S1. List of human polyTE loci with allele
frequencies and FST and δ values. (XLSX 73 kb)
Abbreviations
TE: Transposable Elements; polyTE: Polymorphic Transposable Elements;
LINE: Long Interspersed Nuclear Elements; SINE: Short Interspersed Nuclear
Elements; SNP: Single Nucleotide Polymorphism; AIM: Ancestry Informative
Marker; MDS: Multi-Dimensional Scaling; MALD: Mapping by Admixture
Linkage Disequilibrium; RMSD: Root-Mean-Square Difference.
Competing interests
The authors declare that they have no competing interests.
Authors’ contributions
LR and IKJ conceived of the study and designed the analysis. LR carried out
the analysis. CETV did the imputation analysis. LR, CETV and IKJ wrote and
revised the manuscript. All authors read and approved the final manuscript.
Acknowledgements
This work was funded the Georgia Institute of Technology Bioinformatics
Graduate Program, IHRC-GIT Applied Bioinformatics Laboratory (ABiL) and
Rishishwar et al. Mobile DNA  (2015) 6:21 Page 11 of 12BIOS – the Colombian National Center of Bioinformatics and Computational
Biology.
Author details
1School of Biology, Georgia Institute of Technology, 310 Ferst Drive, Atlanta,
GA 30332-0230, USA. 2PanAmerican Bioinformatics Institute, Cali, Valle del
Cauca, Colombia. 3BIOS Centro de Bioinformática y Biología Computacional,
Manizales, Caldas, Colombia. 4Escuela de Ingeniería de Sistemas y
Computación, Universidad del Valle, Santiago de Cali, Colombia.
References
1. Lander ES, Linton LM, Birren B, Nusbaum C, Zody MC, Baldwin J, et al. Initial
sequencing and analysis of the human genome. Nature. 2001;409(6822):860–921.
doi:10.1038/35057062.
2. de Koning AP, Gu W, Castoe TA, Batzer MA, Pollock DD. Repetitive elements
may comprise over two-thirds of the human genome. PLoS Genet.
2011;7(12):e1002384. doi:10.1371/journal.pgen.1002384.
3. Ray DA, Batzer MA. Reading TE leaves: new approaches to the identification of
transposable element insertions. Genome Res. 2011;21(6):813–20. doi:10.1101/
gr.110528.110.
4. Batzer MA, Gudi VA, Mena JC, Foltz DW, Herrera RJ, Deininger PL. Amplification
dynamics of human-specific (HS) Alu family members. Nucleic Acids Res.
1991;19(13):3619–23.
5. Batzer MA, Deininger PL. A human-specific subfamily of Alu sequences.
Genomics. 1991;9(3):481–7.
6. Brouha B, Schustak J, Badge RM, Lutz-Prigge S, Farley AH, Moran JV, et al. Hot L1s
account for the bulk of retrotransposition in the human population. Proc Natl
Acad Sci U S A. 2003;100(9):5280–5. doi:10.1073/pnas.0831042100.
7. Kazazian Jr HH, Wong C, Youssoufian H, Scott AF, Phillips DG,
Antonarakis SE. Haemophilia A resulting from de novo insertion of L1
sequences represents a novel mechanism for mutation in man. Nature.
1988;332(6160):164–6. doi:10.1038/332164a0.
8. Wang H, Xing J, Grover D, Hedges DJ, Han K, Walker JA, et al. SVA elements: a
hominid-specific retroposon family. J Mol Biol. 2005;354(4):994–1007.
doi:10.1016/j.jmb.2005.09.085.
9. Ostertag EM, Goodier JL, Zhang Y, Kazazian Jr HH. SVA elements are
nonautonomous retrotransposons that cause disease in humans. Am J Hum
Genet. 2003;73(6):1444–51. doi:10.1086/380207.
10. Schmid CW, Deininger PL. Sequence organization of the human genome.
Cell. 1975;6(3):345–58.
11. Ullu E, Tschudi C. Alu sequences are processed 7SL RNA genes. Nature.
1984;312(5990):171–2.
12. Fanning TG, Singer MF. LINE-1: a mammalian transposable element. Biochim
Biophys Acta. 1987;910(3):203–12.
13. Burton FH, Loeb DD, Voliva CF, Martin SL, Edgell MH, Hutchison 3rd CA.
Conservation throughout mammalia and extensive protein-encoding
capacity of the highly repeated DNA long interspersed sequence one. J Mol
Biol. 1986;187(2):291–304.
14. Ono M, Kawakami M, Takezawa T. A novel human nonviral retroposon
derived from an endogenous retrovirus. Nucleic Acids Res.
1987;15(21):8725–37.
15. Shen L, Wu LC, Sanlioglu S, Chen R, Mendoza AR, Dangel AW, et al.
Structure and genetics of the partially duplicated gene RP located
immediately upstream of the complement C4A and the C4B genes in the
HLA class III region. Molecular cloning, exon-intron structure, composite
retroposon, and breakpoint of gene duplication. J Biol Chem.
1994;269(11):8466–76.
16. Moran JV, Holmes SE, Naas TP, DeBerardinis RJ, Boeke JD, Kazazian Jr HH.
High frequency retrotransposition in cultured mammalian cells. Cell.
1996;87(5):917–27.
17. Dewannieux M, Esnault C, Heidmann T. LINE-mediated retrotransposition of
marked Alu sequences. Nat Genet. 2003;35(1):41–8. doi:10.1038/ng1223.
18. Salem AH, Kilroy GE, Watkins WS, Jorde LB, Batzer MA. Recently integrated
Alu elements and human genomic diversity. Mol Biol Evol.
2003;20(8):1349–61. doi:10.1093/molbev/msg150.
19. Batzer MA, Deininger PL. Alu repeats and human genomic diversity. Nat Rev
Genet. 2002;3(5):370–9. doi:10.1038/nrg798.
20. Ray DA, Xing J, Salem AH, Batzer MA. SINEs of a nearly perfect character. Syst
Biol. 2006;55(6):928–35.21. Perna NT, Batzer MA, Deininger PL, Stoneking M. Alu insertion
polymorphism: a new type of marker for human population studies. Hum
Biol. 1992;64(5):641–8.
22. Batzer MA, Stoneking M, Alegria-Hartman M, Bazan H, Kass DH, Shaikh TH, et al.
African origin of human-specific polymorphic Alu insertions. Proc Natl Acad Sci
U S A. 1994;91(25):12288–92.
23. Stoneking M, Fontius JJ, Clifford SL, Soodyall H, Arcot SS, Saha N, et al. Alu
insertion polymorphisms and human evolution: evidence for a larger population
size in Africa. Genome Res. 1997;7(11):1061–71.
24. Witherspoon DJ, Marchani EE, Watkins WS, Ostler CT, Wooding SP, Anders BA,
et al. Human population genetic structure and diversity inferred from
polymorphic L1(LINE-1) and Alu insertions. Hum Hered. 2006;62(1):30–46.
doi:10.1159/000095851.
25. Ray DA, Walker JA, Hall A, Llewellyn B, Ballantyne J, Christian AT, et al. Inference of
human geographic origins using Alu insertion polymorphisms. Forensic Sci Int.
2005;153(2–3):117–24. doi:10.1016/j.forsciint.2004.10.017.
26. Terreros MC, Alfonso-Sanchez MA, Novick GE, Luis JR, Lacau H, Lowery RK, et al.
Insights on human evolution: an analysis of Alu insertion polymorphisms. J Hum
Genet. 2009;54(10):603–11. doi:10.1038/jhg.2009.86.
27. Watkins WS, Rogers AR, Ostler CT, Wooding S, Bamshad MJ, Brassington AM,
et al. Genetic variation among world populations: inferences from 100 Alu
insertion polymorphisms. Genome Res. 2003;13(7):1607–18. doi:10.1101/
gr.894603.
28. Genomes Project C, Abecasis GR, Auton A, Brooks LD, DePristo MA, Durbin RM,
et al. An integrated map of genetic variation from 1,092 human genomes.
Nature. 2012;491(7422):56–65. doi:10.1038/nature11632.
29. Jakobsson M, Scholz SW, Scheet P, Gibbs JR, VanLiere JM, Fung HC,
et al. Genotype, haplotype and copy-number variation in worldwide
human populations. Nature. 2008;451(7181):998–1003. doi:10.1038/
nature06742.
30. Lohmueller KE, Indap AR, Schmidt S, Boyko AR, Hernandez RD, Hubisz MJ, et al.
Proportionally more deleterious genetic variation in European than in African
populations. Nature. 2008;451(7181):994–7. doi:10.1038/nature06611.
31. Li JZ, Absher DM, Tang H, Southwick AM, Casto AM, Ramachandran S, et al.
Worldwide human relationships inferred from genome-wide patterns of
variation. Science. 2008;319(5866):1100–4. doi:10.1126/science.1153717.
32. Bryc K, Velez C, Karafet T, Moreno-Estrada A, Reynolds A, Auton A, et al.
Colloquium paper: genome-wide patterns of population structure and admixture
among Hispanic/Latino populations. Proc Natl Acad Sci U S A. 2010;107 Suppl
2:8954–61. doi:10.1073/pnas.0914618107.
33. Zakharia F, Basu A, Absher D, Assimes TL, Go AS, Hlatky MA, et al.
Characterizing the admixed African ancestry of African Americans. Genome
Biol. 2009;10(12):R141. doi:10.1186/gb-2009-10-12-r141.
34. Reich D, Patterson N, Campbell D, Tandon A, Mazieres S, Ray N, et al.
Reconstructing Native American population history. Nature. 2012;488(7411):370–4.
doi:10.1038/nature11258.
35. Genomes Project C, Abecasis GR, Altshuler D, Auton A, Brooks LD,
Durbin RM, et al. A map of human genome variation from population-
scale sequencing. Nature. 2010;467(7319):1061–73. doi:10.1038/
nature09534.
36. Ding L, Wiener H, Abebe T, Altaye M, Go RC, Kercsmar C, et al. Comparison
of measures of marker informativeness for ancestry and admixture
mapping. BMC Genomics. 2011;12:622. doi:10.1186/1471-2164-12-622.
37. Collins-Schramm HE, Phillips CM, Operario DJ, Lee JS, Weber JL, Hanson RL,
et al. Ethnic-difference markers for use in mapping by admixture linkage
disequilibrium. Am J Hum Genet. 2002;70(3):737–50.
doi:10.1086/339368.
38. Smith MW, O'Brien SJ. Mapping by admixture linkage disequilibrium: advances,
limitations and guidelines. Nat Rev Genet. 2005;6(8):623–32. doi:10.1038/nrg1657.
39. Winkler CA, Nelson GW, Smith MW. Admixture mapping comes of age.
Annu Rev Genomics Hum Genet. 2010;11:65–89.
doi:10.1146/annurev-genom-082509-141523.
40. Stewart C, Kural D, Stromberg MP, Walker JA, Konkel MK, Stutz AM,
et al. A comprehensive map of mobile element insertion
polymorphisms in humans. PLoS Genet. 2011;7(8):e1002236.
doi:10.1371/journal.pgen.1002236.
41. Weir BS, Cockerham CC. Estimating F-Statistics for the Analysis of Population-
Structure. Evolution. 1984;38(6):1358–70. doi:10.2307/2408641.
42. Danecek P, Auton A, Abecasis G, Albers CA, Banks E, DePristo MA, et al. The
variant call format and VCFtools. Bioinformatics. 2011;27(15):2156–8. doi:10.1093/
bioinformatics/btr330.
Rishishwar et al. Mobile DNA  (2015) 6:21 Page 12 of 1243. Saitou N, Nei M. The neighbor-joining method: a new method for
reconstructing phylogenetic trees. Mol Biol Evol. 1987;4(4):406–25.
44. Tamura K, Stecher G, Peterson D, Filipski A, Kumar S. MEGA6: Molecular
Evolutionary Genetics Analysis version 6.0. Mol Biol Evol. 2013;30(12):2725–9.
doi:10.1093/molbev/mst197.
45. Cann HM, de Toma C, Cazes L, Legrand MF, Morel V, Piouffre L, et al.
A human genome diversity cell line panel. Science. 2002;296(5566):261–2.
46. Howie BN, Donnelly P, Marchini J. A flexible and accurate genotype
imputation method for the next generation of genome-wide association
studies. PLoS Genet. 2009;5(6):e1000529. doi:10.1371/journal.pgen.1000529.Submit your next manuscript to BioMed Central
and take full advantage of: 
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at 
www.biomedcentral.com/submit
